The hippocampus is a crucial component for cognitive and emotional processing. The subiculum provides much of the output for this structure but the modulation and function of this region is surprisingly under-studied. The neuromodulator somatostatin (SST) interacts with five subtypes of SST receptors (sst 1 to sst 5 ) and each of these SST receptor subtypes is coupled to Gi proteins resulting in inhibition of adenylyl cyclase (AC) and decreased level of intracellular cAMP. SST modulates many physiological functions including cognition, emotion, autonomic responses and locomotion. Whereas SST has been shown to depress neuronal excitability in the subiculum, the underlying cellular and molecular mechanisms have not yet been determined. Here, we show that SST hyperpolarized two classes of subicular neurons with a calculated EC 50 of 0.1 lM. Application of SST (1 lM) induced outward holding currents by primarily activating K 1 channels including the G-protein-activated inwardly-rectifying potassium channels (GIRK) and KCNQ (M) channels, although inhibition of cation channels in some cells may also be implicated. SST-elicited hyperpolarization was mediated by activation of sst 2 receptors and required the function of G proteins.
, where it colocalizes with GABA and is released by a subpopulation of GABAergic interneurons. In addition to its initial role as an inhibitor for growth hormone secretion from the anterior pituitary somatotroph cells, SST modulates many physiological functions such as cognition, emotion, autonomic responses, and locomotion as well as several pathological disorders including anxiety, depression, schizophrenia, and epilepsy (Martel et al., 2012) . However, the cellular and molecular mechanisms underlying SST-mediated modulation of these physiological functions and pathological disorders have not fully been determined.
The subiculum is the major output region of the hippocampus and targets a variety of cortical and subcortical areas (O'Mara, Commins, Anderson, & Gigg, 2001) . Together with CA1 pyramidal neurons, the subiculum processes sensory and motor cues to form a cognitive map encoding spatial, contextual, and emotional information, which are then transmitted throughout the brain. Subiculum is therefore an integral component in the networks underlying memory for spatial tasks (O'Mara et al., 2001 ). In the hippocampus, SST hyperpolarizes CA1 pyramidal neurons and reduces action potential (AP) firing frequency (Moore, Madamba, Joels, & Siggins, 1988; Pittman & Siggins, 1981) , possibly via activation of KCNK-like leak K 1 channels (Schweitzer, Madamba, & Siggins, 1998) . SST increases KCNQ channel currents (Mcurrents) (Moore et al., 1988; Qiu et al., 2008; Schweitzer et al., 1998) and produces a hyperpolarization-independent reduction in AP firing by increasing the membrane insertion of G-protein-activated inwardly rectifying K 1 (GIRK) channels (Lucas & Armstrong, 2015) . In addition,
SST inhibits excitatory synaptic transmission by reducing glutamate release (Tallent & Siggins, 1997) and depresses epileptiform bursting and seizure activity Tallent & Siggins, 1999 ). In contrast to the relatively comprehensive studies on the roles and mechanisms of SST in modulating neuronal network activities in the hippocampus, the effects of SST on neuronal activities in the subiculum have not fully been determined, although SST has been shown to hyperpolarize both bursting cells (BCs) and regular firing cells (RCs) (Greene & Mason, 1996a , 1996b and reduce both GABA A receptormediated fast IPSPs and GABA B receptor-induced slow IPSPs in the subiculum (Greene & Mason, 1996b) . However, the ionic and signaling mechanisms whereby SST depresses neuronal excitability in the subiculum are completely unknown. Determining the mechanisms underlying SST-elicited modulation of neuronal excitability in the subiculum is important because the subicular neurons and CA1 pyramidal neurons have distinct intrinsic properties. For example, almost all the CA1 pyramidal neurons are RCs whereas more than 75% of the subicular neurons are BCs and a small population of subicular neurons are RCs (Mason, 1993; Mattia, Hwa, & Avoli, 1993) . We therefore studied the effects of SST on neuronal activities in the subiculum and our results demonstrate that SST hyperpolarizes subicular neurons via sst 2 -mediated inhibition of AC and Epac2. We also demonstrate that SST depresses neuronal excitability by activation of GIRK and KCNQ channels and inhibition of cation channels. SST-mediated hyperpolarization decreases the magnitude of long-term potentiation (LTP) in the subiculum.
| M E T H O D S

| Slice preparation
Horizontal brain slices (350 mm) were prepared from Sprague-Dawley rats (21-35 days old) as described previously (Zhang, Dong, & Lei, 2015) with slight modification (Xiao et al., 2014) . After being deeply anesthetized with isoflurane, animals were decapitated and their brains were dissected out in ice-cold saline solution that contained (in mM)
130 N-methyl-D-glucamine (NMDG)-Cl, 24 NaHCO 3 , 3. NaHCO 3 , 3.5 KCl, 1.25 NaH 2 PO 4 , 2.5 CaCl 2 , 1.5 MgCl 2 and 10 glucose, saturated with 95% O 2 and 5% CO 2 (pH 7.4). Data were filtered at 2 kHz, digitized at 10 kHz, acquired on-line and analyzed after-line using pCLAMP 10.4 software (Molecular Devices, Sunnyvale, CA).
After the formation of whole-cell configuration, we injected currents from 2100 pA to 400 pA (duration: 400 ms) at a step of 50 pA with an interval of 10 s/injection to identify the recorded neurons. BCs fire an early burst of 2-4 APs upon injection of depolarizing current of threshold intensity, whereas in RCs, prolonged depolarization causes either a single AP or trains of single spikes (Mason, 1993; Mattia et al., 1993) .
SST was dissolved in the extracellular solution and bath applied to the slice. To avoid potential desensitization induced by repeated applications of the agonist, one slice was limited to only one application of SST. Frequency of APs was calculated by Mini Analysis 6.0.1 (Synaptosoft Inc., Decatur, GA). Resting membrane potentials (RMPs) and holding currents (HCs) at 260 mV were recorded in the extracellular solution supplemented with TTX (0.5 mM), kynurenic acid (1 mM) and picrotoxin (100 mM) to block glutamatergic and GABAergic transmission. I-V curves were obtained by using a ramp protocol from 2120 mV to 240 mV at a speed of 0.045 mV/ms. We compared the I-V curves recorded before and during the application of SST for 3-5 min when its effect was maximal. (Mason, 1993; Mattia et al., 1993 (Mason, 1993; Mattia et al., 1993) . Application of SST (1 mM) induced an outward HC in both BCs (31.7 6 26.4 pA, n 5 58, If inhibition of cation channels is a mechanism underlying SSTelicited hyperpolarization, the cation channels should open in RMPs.
We tested this hypothesis by replacing NaCl in the extracellular solution with the same concentration of NMD0G-Cl. In both conditions, extracellular solution contained TTX (0.5 mM), kynurenic acid
(1 mM) and picrotoxin (100 mM). Substitution of extracellular NaCl with NMDG-Cl induced an outward HC by itself (31.5 6 12.1 pA, n 5 6, p 5 .048, Figure 4g ). One reasonable explanation for this result is that a Na 1 -permeant cation channel contributes to the maintenance of RMPs in subicular BCs. However, replacing extracellular Na 1 with NMDG did not significantly alter SST-induced outward HCs (33.7 6 7.3 pA, n 5 7, p 5 .8 vs. the effect of SST in control condition, Figure 4g ), suggesting that SST-elicited hyperpolarization is principally mediated by the activation of K 1 channels, whereas in some cells SST may also inhibit cation channels.
We further probed the roles of the K 1 channels in SST-induced another GIRK blocker (Kuzhikandathil & Oxford, 2002) , induced an inward HC by itself (-18.7 6 6.1 pA, n 5 14, p 5 .009, Figure 4j ) and application of SST in the presence of SCH23390 elicited a significantly smaller outward HC (10.2 6 3.1 pA, n 5 14, p 5 .005 vs. baseline, p < .001 vs. control, Figure 4j ,n). Because intracellular application of QX314 has been shown to block GIRK channels (Alreja & Aghajanian, 1994; Andrade, 1991 Andrade, , 1993 Lee & Sherman, 2009 ), we then tested whether intracellular application of QX314 via the recording pipettes influences SST-induced outward currents. Perfusion of QX314 (625 mM) into the cells via the recording pipettes significantly reduced SSTinduced outward HCs (12.1 6 3.6 pA, n 5 5, p 5 .03 vs. baseline, p 5 .04 vs. control, Figure 4k ,n), further supporting the involvement of GIRK channels.
Because KCNQ channels are also involved in SST-induced depression of neuronal excitability in the hippocampus (Moore et al., 1988; Qiu et al., 2008; Schweitzer et al., 1998) , we also examined the roles of KCNQ channels in SST-mediated hyperpolarization in subicular BCs.
Application of the selective KCNQ channel blocker, linopirdine (30 mM), induced an inward HC by itself (-24.2 6 5.4 pA, n 5 16, p < .001, Figure 4l ). In the presence of linopirdine, application of SST induced a significantly smaller outward HC (14.1 6 2.3 pA, n 5 16, p < .001 vs. If SST generates hyperpolarization by activating the GIRK channels, the currents generated by SST should show inward rectification.
However, the currents generated by SST did not show inward rectification at least between 2120 mV and 240 mV (Figure 4d ). Because intracellular spermine is required for the exhibition of the inward rectification of GIRK channels (Fakler et al., 1995; Ficker, Taglialatela, Wible, Henley, & Brown, 1994) , we examined the I-V curve of SSTelicited currents in the intracellular solution containing spermine (100 mM). In the presence of spermine, SST-elicited currents showed slight inward rectification (n 5 7, Figure 4n -p).
| SST 2 receptors are involved in SST-elicited hyperpolarization
We next determined the subtype(s) of SST receptors involved in SSTmediated hyperpolarization by recording HCs at 260 mV. There are five types of SST receptors (sst 1 -sst 5 ) (Theodoropoulou & Stalla, 2013) .
We used the available selective agonists for each subtype of the SST receptors. No significant alteration of HCs was observed in response to the application of the selective agonists for sst 1 (CH275, 100 nM, K i 5 0.3 nM, 23.6 6 4.8 pA, n 5 8, p 5 .48, Figure 5a ,g) (Liapakis, Hoeger, Rivier, & Reisine, 1996) , sst 4 (L-803,087, 100 nM, K i 5 0.7 nM, 23.6 6 5.4 pA, n 5 11, p 5 .53, Figure 5d ,g) (Rohrer & Schaeffer, 2000) and sst 5 (BIM 23052, 100 nM, K i 5 7.3 nM, 2.2 6 1.0 pA, n 5 6, p 5 .09, Figure 5e ,g) (Patel & Srikant, 1994) . We also used a selective (Hannon et al., 2002) , also induced an outward HC (30.1 6 8.7 pA, n 5 9, p 5 .008, Figure 5c ,g). Application of octreotide at this concentration should mainly activate sst 2 receptors (Boehm & Betz, 1997; Poll et al., 2010) . We further used the selective sst 2 antagonist to confirm our results. Application the selective sst 2 antagonist, CYN154806 (2 mM) blocked SST-induced outward HC (6.7 6 3.3 pA, n 5 11, p 5 .07 vs. baseline, p < .001 vs. SST alone, Figure 5f ,g). These results together indicate that SST hyperpolarizes BCs in the subiculum via activation of sst 2 receptors.
| G proteins and AC are required for SST-elicited hyperpolarization
We next examined the signaling mechanisms whereby activation of 
| PKA and PKC are not required for SST-mediated hyperpolarization
We further tested the roles of PKA by using a variety of PKA inhibitors.
We included the specific PKA inhibitor, Rp-cAMPS (200 mM SST-elicited hyperpolarization. Slices were pretreated with GF 109203X (2 lM), a broad-spectrum PKC inhibitor, and the same concentration of GF 109203X was included in the recording pipettes. In the presence of GF 109203X, application of SST still induced a comparable outward HC (24.5 6 5.9 pA, n 5 9, p 5 .003 vs. baseline, p 5 .32
vs. control, Figure 7e ,g), suggesting that PKC is unnecessary for SSTmediated hyperpolarization.
| Epac2 is partially involved in SST-elicited hyperpolarization
Increasing evidence suggests that intracellular cAMP functions by interacting with Epac (Gloerich & Bos, 2010) which includes Epac1 and Epac2. Epac1 is expressed in most non-neural tissues and is far less abundant in the brain, whereas Epac2 is highly enriched in the brain, especially in the cortex and hippocampus (Kawasaki et al., 1998) . We therefore tested the roles of Epac2 by using a selective Epac2 inhibitor, HJC0350 (Chen et al., 2013) . In the presence of HJC0350 (100 lM),
SST-elicited an outward HC that was significantly reduced (7.9 6 4.0 pA, n 5 13, p 5 .08 vs. baseline, p < .001 vs. control, Figure 7f ,g), demonstrating that Epac2 is partially involved in SST-mediated hyperpolarization.
| SST decreases AP firing frequency of the BCs
We next examined the effects of SST-mediated hyperpolarization on AP firing. Because subicular neurons do not exhibit spontaneous AP firing, we injected a positive current to evoke a basal AP firing at a frequency of 2-7 Hz. Under these circumstances, bath application of SST (1 mM) for 5 min inhibited AP firing frequency to 6 6 4% of control (Control: 3.88 6 0.55 Hz, SST: 0.25 6 0.19 Hz, n 5 8, p < .001, Figure   8a ,b). The inhibitory effect of SST was partially reversed after wash for 10 min (1.73 6 0.69 Hz, 42 6 13% of control, n 5 8, Figure 8a ,b).
| SST does not modulate synaptic transmission but depresses LTP
We further examined the potential effects of SST on synaptic transmission and LTP. Application of SST for 5 min did not significantly affect AMPA EPSCs recorded at the CA1-BC synapses (99 6 7% of control, n 5 9, p 5 .88, Figure 8c ) but significantly (p 5 .017, two-way ANOVA)
reduced LTP (126 6 5% of control, n 5 10, p < .001 vs. baseline, Figure   8d -f) compared with the slices treated with saline (161 6 8% of control, n 5 10, p < .001 vs. baseline, Figure 8e ,f), demonstrating that SST exerts an inhibitory effect on LTP at the CA1-BC synapses. Because SST hyperpolarizes postsynaptic BCs, we then tested whether SSTinduced hyperpolarization is responsible for its inhibitory action on LTP. We recorded stable AMPA EPSCs for 5 min and then applied SST for 5 min in current clamp because SST-induced maximal hyperpolarization was usually observed within 5 min after the beginning of SST application. We injected a positive current to bring the membrane potential back to the initial level prior to SST application and then applied HFS in current clamp. Under these circumstances, SST-induced depression of LTP was annulled (171 6 11% of control, n 5 8, p < .001
vs. baseline, p 5 .5 vs. slices treated with saline, Figure 8f) . These results together demonstrate that SST-elicited hyperpolarization of BCs is responsible for its inhibitory effect on LTP at the CA1-BC synapses.
| DISCUSSION
Whereas SST has been demonstrated to hyperpolarize both BCs and RCs (Greene & Mason, 1996a,b) and reduce both GABA A receptormediated fast IPSPs and GABA B receptor-induced slow IPSPs (Greene & Mason, 1996b) in the subiculum, the underlying cellular and molecular mechanisms of SST have not been determined. In the present study, we focus on elucidating the mechanisms whereby SST decreases the another GIRK blocker (Kuzhikandathil & Oxford, 2002) , significantly reduced SST-mediated outward HCs. However, the I-V curve of SSTinduced net currents did not show inward rectification at least between 2120 mV and 240 mV. Because spermine or spemidine is required to maintain the inwardly rectifying character of GIRK channels (Ficker et al., 1994) , we also recorded the I-V curves in the intracellular solution containing spermine (100 mM). Under these circumstances, the I-V curve of the SST-induced currents showed slight inward rectification. One explanation for the discrepancy of electrophysiological and pharmacological properties of the SST-activated K 1 channels is that SSTactivated GIRK channels belong to the subtypes of weak inward rectification (Bredt, Wang, Cohen, Guggino, & Snyder, 1995; Doupnik, Davidson, & Lester, 1995) . The second candidate for the K 1 channels activated by SST is KCNQ channels because application of the selective KCNQ channel blocker, linopirdine, significantly decreased SST-elicited outward HCs. Given the fact that the activation voltage threshold of KCNQ is around or positive to the RMPs of the neurons (Halliwell & Adams, 1982) , the contribution of KCNQ channels to the RMPs is lim- that Epac is another target for intracellular cAMP (Gloerich & Bos, 2010) and Epac2 is highly enriched in the brain (Kawasaki et al., 1998) .
We therefore tested the roles of Epac2 and found that application of a selective Epac2 inhibitor, partially blocked SST-mediated outward HCs, suggesting that Epac2 is at least partially responsible for SST-mediated hyperpolarization. Consistent with our results, activation of SST receptors inhibits Epac (Jacobs et al., 2010) and Epac inhibits GIRK channels in medial prefrontal cortex pyramidal neurons (Witkowski, Rola, & Szulczyk, 2012) . Third, cAMP by itself can interacts with ion channels to alter RMPs. Because application of the Epac2 inhibitor only partially blocked SST-elicited outward HC, the possibility that cAMP directly interacts with ion channels to mediate SST-elicited hyperpolarization cannot be excluded.
In the brain, SST is synthesized in and released by GABAergic neurons. The phasic release of SST by local interneurons likely modulates the functions of neural network activities. SST has been reported to enhance the late phase of LTP in apical and basal dendrites in CA1 region (Fan & Fu, 2014) but depresses LTP in the dentate gyrus possibly by inhibiting N-type Ca 21 channels (Baratta, Lamp, & Tallent, 2002 ). Our results demonstrate that SST-elicited hyperpolarization underlies its inhibitory effect on LTP at the CA1-BC synapses in the subiculum. Because LTP is generally considered as a cellular model for learning and memory and the subiculum also participates in the formation of a cognitive map encoding spatial, contextual, and emotional information which is then transmitted throughout the brain (O'Mara et al., 2001) , it is reasonable to speculate that SST-elicited hyperpolarization and depression of LTP in the subiculum contribute to its effects on learning and memory. Consistent with our conjecture, SST inhibits HU ET AL.
| 981 learning and memory (Borbely, Scheich, & Helyes, 2013) and knocking out sst 2 enhances spatial learning ability in mice (Dutar et al., 2002) .
Furthermore, the subiculum is an important structure in the limbic system which controls emotional responses. Given that anxiety is related to an elevation of glutamatergic functions (Bergink, van Megen, & Westenberg, 2004) and because the subicular BCs are glutamatergic, SST-mediated hyperpolarization of subicular neurons likely depresses the glutamatergic functions in the neural network activity of the limbic system, resulting in anxiolytic actions. In line with our anticipation, activation of somatostatinergic system generates anxiolytic-like actions (Engin & Treit, 2009; Engin, Stellbrink, Treit, & Dickson, 2008; Yeung & Treit, 2012; Yeung, Engin, & Treit, 2011 ). It appears that sst 2 receptors are responsible for SST-mediated anxiolytic effects as demonstrated by pharmacological experiments (Engin & Treit, 2009; Yeung & Treit, 2012) and sst 2 knockout mice (Viollet et al., 2000) . Moreover, the limbic system is intimately associated with epilepsy and there is compelling evidence demonstrating that SST exerts robust antiepileptic actions although previous efforts were focused on the hippocampus Tallent & Siggins, 1999) . Because the subiculum is an indispensable structure for the completion of hippocampal functions, SST-elicited depression of the excitability of subicular neurons likely contributes to its antiepileptic actions. Collectively, our results provide a cellular and molecular mechanism at least partially to explain the physiological functions and pathological roles of somatostatinergic system in the brain.
